IN RECENT YEARS, several studies have been conducted on the intergranular stress corrosion cracking (SCC) and intergranular attack fIGA) of Alloy 600 (1-6). A combination of SCC and IGA has been observed in Allooy 600 tubing on the hot leg of some operating steam generators in pressurized water reactor (PWR) nuclear power plants, and sodium hydroxide along with several other chemical species have been implicated in the tube degradations (1,2). SCC has been observed above and within the tube sheet, whereas IGA is generally localized within the tube sheet (1,2). Alloy 600 is also susceptible to SCC in pure and primary water (3,4). Various factors that influence SCC and IGA include metallurgical conditions of the alloy, concentrations of alkaline species, impurity content of the environment, temperature and stress (1-6). The mechanisms of these intergranular failures, however, are not well understood. Some of the possible mechanisms of the SCC and IGA in high temperature water and caustic are described in this paper.
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EXPERIMENTAL
In deaerated pure and primary water, the work involved U-bends, slow strain rate tests and Crings. The primary water contained 10~4 M LiOH and 650 ppm of boron as boric acid with an H2 overpressure of 0.1 MPa. The details of autoclave testing in pure and primary water, specimen preparation, materials and their composition have been published elsewhere (3, 4) .
In the caustic environments, our investigation was conducted using C-ring and straining electrode specimens. For C-rings, a nuclear grade Alloy 600 tubing, 19.1 mm OD and 1.07 mm wall thickness and the following composition by weight was used: 0.02 C, 0.23 Mn, 9.40 Fe, 0.001 S, 0.14 Si, 0.30 Cu, 74.27 Ni, 15.64 Cr, 0.24 Al, 0.31 Ti, 0.04 Co, 0.011 P, 0.005 B. The materials were mainly used in their mill annealed (MA) conditions. A few C-ring specimens were tested in the solution annealed (SA) and solution annealed plus sensitized (SAS) condition. SA DISCLAIMER samples were heat treated at 1050 C for 10 min. and rapidly air cooled. SAS samples were heated at 1100 C for 10 min. and water quenched before sensitization at 621 C for 18 h. Heating was in sealed tubes with an inert atmosphere. The Crings were stressed on their OD in the usual way (7).
The MA material was stressed at a maximum stress at the apex of the ring corresponding to 150% of the yield strength. The same deformation as for the MA material was applied en the SA and SAS C-rings. The solutions were prepared from distilled demineralized water of conductance less than 0.5 V S and reagent grade NaOH pellets. In some cases, controlled amounts of sodium carbonate and sodium sulfate were added as impurities. All tests were conducted in the 300-315 C range for generally about 10 to 12 days. The static potential band method (8) used to control the potentials of the syecimen(s) consisted, in the case of the C-rings, of passing a large current from a power supply through a string of samples sep rated from one another by known electrical resistors (platinum wires) while holding one of them at a fixed potential with a potentiostat. An iR drop was thus established between each sanple of the series causing each one to attain a different electrochemical potential. Alloy 600 leads were spot welded to various C-rings to monitor their potentials. Figure 1 shows a schematic circuitry used for the multiple specimen studies. The reference electrode was made of nickel and the nickel autocalve body acted as the counter electrode. Before raising the temperature, the autoclave was deaerated by pressurizing to 3.45 MPa (500 psi) with nitrogen followed by a slow depressurization, the procedure being repeated five times. A 1.38 MPa overpressure of 57, hydrogen -95Z nitrogen was then added. When a stable corrosion potential was established at the test temperature, the potentiostat and power supply were switched on.
A set of C-rings made from the Alloy 600 tub-ing of the above-mentioned composition was tested in the primary water in a Hastellov C-276 autocalve using the electrical circuitry deThis report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsementy recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof. ' scribed above. In this ease, a platinum wire was used as the reference electrode. The straining electrode test was conducted under potentiostatic control following procedures described elsewhere (9). Prior to straining, the desired potential was applied to the 1 mm diameter wire specimen and the current was allowed to reach a steady value. The specimen was then rapidly strained uniaxially at a rate of about II per second into the plastic region. The current transient thus caused was recorded, and used to calculate the crack propagation rate (CPR).
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In another set of experiments, Alloy 600 coupons (12.5 mm x 25 on) were exposed to the same environment and potentials as the C-rings. The coupons were polished with diamond paste to 1 ym finish. After withdrawal from the environment, the surfaces were examined under scanning electron microscope.
Potentiodynamic 2 shows that the crack propagation of the MA material is much higher than that of the SA or the SAS materials. However, because of the heat treatment, the SA and SAS materials have much lower yield strength, and since all our Crings were given the same amount of deflection, the stress level reached by the SA and SAS Crings were lower than that of the MA C-rings. Therefore, it is not clear whether this factor is responsible for an apparent improvement in SCC performance or whether the heat treatments actually improved SCC resistance. In the literature, there is ample evidence that sensitizing heat treatments generally improve the caustic SCC resistance of Alloy 600 (5,6). Howeve.-, one study (11) shows that U-bends of SAS Alloy 600 (1120 C, 1 h, WJ + 675 C, 2 h) generally registered greater crack growth in deaerated 50Z NaOH at 315 C in 5 weeks than U-bends of the SA material (1120 C, 1 h, WQ). The mechanical properties and the grain size were very similar in the above two thernal conditions.
In some potential regions, specimens suffered IGA instead of any sharp crack. Fig. 3 shows tne relationship between specimen potential and the rate of IGA in 10Z NaOH + 0.12 Na2(X>3 solution at 300 C. The rate is an average value calculated by dividing the maximum IGA depth observed on any specimen by the total testing time. A typical IGA on a sample held at about +16 mV is illustrated in Fig. 4 . Tc appears that the rate of attack generally increases with increasing anodic potential, and Che material is also susceptible to IGA in the cathodic region. At present we do not have enough data to establish the relationship between IGA rate and cathodic potentials. In some samples at anodic potentials, both IGA and SCC were observed. In fact, the anodic potential limit of IGA overlapped with the lower limit of the SCC region.
POLARIZATION CORVES IN CAUSTIC - Fig. 5 shows the polarization curves of Alloy 600 in 10J and 0.1% NsQH solutions at 300 C at a scan rate of 20 mV/tnin. Both curves show activation controlled regions, and active -passive transitions followed by regions of passivity. The values of the crittical current density for passivation and the passive current density at the higher concentration are larger by at least an order magnitude than those at -the lower concentrations. However, the potential for active-passive transition appears to be rather independent of the concentration. Cold work increases SCC velocity as can be seen from the results for flattened specimens in Fig. 8 . Hydrogen added to the test medium also increases the propagation rate, as shown in Fig.  8 , at least in the case of the as-received material where we observe the greatest spread between the various curves obtained from different environments. Opposed to this hydrogen effect there appears to be a lowering in the crack velocities due to an increase in pH such as would result from the addition of lithium hydroxide to the test medium. As a result it appears that simulated primary water is not substantially different from pure water in this particular test procedure .
C-RINGS IN SIMULATED PRIMARY WATER -
MECHANISTIC ASPECTS OF INTERGRANULAR FAILURES-1. Caustic Environment -The onset of rapid SCC in caustic generally coincides with the potential corresponding to the active-passive transition, and at potentials where the passivity is well established (approximately 300 mV), crack growth rate falls sharply (Fig. 2) . This suggests a film-rupture type model for the SCC process (12,13). Thus, cracking proceeds due to the rupture of the film caused by transient creep followed by anodic dissolution along Che grain boundary and subsequent repassivation. The grain boundary and a narrow area adjacent to it may be anodic to Che bulk material or otherwise more favorable for enhanced dissolution.
First, strain is likely Co be greater near the grain boundary which may also be the site of numerous dislocation pile-ups. Second, the compostion of the grain boundary may differ from the bulk composition. Third, the film composition on the sample above the grain boundary may differ from that on the bulk. Fig. 9 shows the nature of attack on an Alloy 600 coupon after an exposure for 10 days in 10Z NaOH + 1Z Na2S04 solution at 315 C at a potential of 150 mV anodic Co the corrosion potential. It is evident from the grain boundary grooving that grain boundaries are preferred sites for the intergranular failures. The sulfate was added in this test as an impurity and does not appear to significantly influence the SCC or IGA mechanisms.
The surface freshly created by rapid straining of the film-covered surface into the plastic region provides information regarding the maximum crack propagation rate (14) . Therefore, the steady and transient currents from an Alloy 600 wire specimen held in the potential region of 150 to 250 raV in 10Z NaOH + 0.1% Na2C03 at 300 C were recorded, as shown schematically in Fig.  10 . The current measured during straining, iy, is given by (9)
where, 
The following 1 typical current density values were obtained in our test: Fig. 11 -Polarization curves of Alloy 600 in 10% NaOH at 300 C at a slow and a fast scan rate, and the determination of crack propagation rate from the latter. Potential was measured against a Ni reference electrode. The maximum CPR, Vm, is related to the maximum ib value through the equation (14):
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where E, is the mean equivalent weight for the metal, d its density and F the Faraday constant.
Using an E of 29 g/eq, and d of 8.5 g/cm-' for Alloy 600 (9), one obtains the maximum CPR, Vm » 26.6 ym/h. Based on rapid polarization scan in the above environment (Fig. 11) and applying This apparent discrepancy may be resolved by any or all of the following arguments: (1) the corrosion potential of the specimen gradually drifts anodiccally and eventually reaches a potential conducive to film formation, leading to SCC. (2) the initial phase of dissolution of the metal is followed by a precipitation reaction of the noble component of the alloy, i.e., nickel, giving a pseduo-passive layer, which when ruptured will facilitate localized dissolution and hence SCC. EDX analysis of one of our coupons corroded freely in high temperature caustic gave a pure nickel spectra perhaps in line with the above argument. (3) Another attractive possibility is the gradual dealloying of the alloy due to preferential dissolution of iron in high temperature caustic. The polarization curves for iron, nickel and Inconel in 10% NaOH at 300 C (Fig. 12) show clearly that at 0 mV, i.e., the Ecorr of Alloy 600, iron corrodes at least two orders of magnitude faster than nickel and Alloy 600. Tests with chromium are currently underway. The dealloying is manifested initially as an IGA type of attack as observed by us, but may eventually lead to SCC. According to this model, IGA is simply a precursor to SCC. Fig. 13 shows the nature of surface attack on Alloy 600 coupon held for 10 days at 25 to 45 mV in 1 OX NaOH + 1% Na2S04 at 315 C. The surface is generally etched, but some areas are completely covered with a dark film. In this potential region where the coupons are partially covered with a film, the anodic potential limit of IGA overlaps tne lower limit of the SCC region. This observation may allow a tentative assumption that stress is possibly not an important factor in the initiation of IGA in this potential region. Indeed, in this overlapping region, as soon as a reasonable stress is applied, it probably modifies the IGA morphology into a SCC morphology. Fig. 3 , however, shows that IGA occurs at potentials both anodic and cathodic to the corrosion potential. It is clear that increasing anodic potential tends to accelerate the IGA rate, perhaps related to the way that anodic potential causes increased dissolution in the activation controlled region of the polarization curve (Fig.  5) . Thus, IGA may be related to the overall uniform corrosion rate in a complex way.
The mechanism governing the IGA at cathodic potentials (Fig. 3) is not well understood. One explanation is that in the cathodic potential region of interest, the dealloying process is perhaps still operative. In this potential zone, the dinickelite and dihypoferrite ions are the stable species, formed by the following reactions respectively (16):
Ni + 2H2O -HNiOj + 3H + + 2e
Fe + 2H20 -HFeC-2 + 3H+ + 2e
Both of these ions have extended stability in the regions cathodic to the corrosion potential of Alloy 600 and the stability regions expand with increasing temperature. Also, the possible role of an hydrogen assisted attack at cathodic potentials should not be ignored. 2. HiRh Temperature Water -SCC in high temperature water is strongly temperature dependent, is accelerated by hydrogen and cold working, and appears to occur at potertials both anodic and cathodic to the corrosion potential. Fig. 5 shows that the alloy exhibits an active-passive behavior even in 0.1% NaOH. If one assumes that the mechanism of SCC in very dilute caustic and water at high temperature is very similar (17), then it may be argued that the SCC in high temperature water at anodic potentials is governed by a film-rupture mechanism perhaps very similar to the one that governs the SCC in caustic. Currently, SCC tests are underway in very dilute caustic solution. The crack propagation rates from these tests will provide more knowledge regarding the relationship between SCC in high temperature water and dilute caustic solutions. Note that in the C-ring tests (in Fig. 6) , the specimens at 300 and 430 mV did not crack, perhaps because of the establishment of a very stable passivity at these potentials. This is in line with the absence of SCC in caustic at beyond 300 mV (Fig. 2) .
In high temperature water, significant cracking is observed in U-bends and slow strain rate tests under freely corroding conditions (Fig. 7  and 8 ). Alloy 600 coupons exposed to high temperature water show evidence of an oxide film on the surface. A piece of Alloy 600 specimen cut directly from a tube was immersed in deaerated, pure water at 365 C for about two weeks. After withdrawal, the specimen was shadowed with carbon (to avoid shattering) and the surface film was stripped using a 102 bromine-tnethanol solution. The film was mounted on a copper grid and analysed on a JEOL 100 electron microscope. Fig. 14 shows a typical micrograph of the film consisting of several components some of which appeared to have regular crystallogr'aphic patterns and gave well defined diffraction patterns. Note in Fig. 16 that the growth of the film appears to be different in different grains, perhaps influenced by orientation. It is clear that the film retains the grain boundaries of the substrate and therefore fracture might be expected to follow the boundary, a plane of weakness especially in mechanically weak substances. The oxide film is rich in Ni (as observed in EDX) and is probably formed by oxidation of nickel to its oxide according to the reaction: Ni + H20 -NiO + 2H+ + 2e ( 
7)
The equilibrium potential for NiO formation (16) approaches the hydrogen redox potential as the temperature is increased, as shown in Fig. 15 . At present, we do not have any thermodynamic data beyond 300 C. It is possible that at 365 C, NiO forms at the corrosion potential of Alloy 600 which is equal to the hydrogen redox potential at a partial pressure of hydrogen equal to one atmosphere (as in primary water) (18) . The increased susceptibility to SCC at around 365 C may at least be partially explained on the basis of the ease of oxide formation and its subsequent rupture at this temperature. Fig. 16 illustrates a replica fractograph of an Alloy 600 sample cracked in pure water at 365 C, showing an area covered with oxide with parallel rupture markings which perhaps resulted from the strain induced in the film. In a stressed sample, the creep in the metal ahead of the film introduces increasing elastic strain in a mechanically weak film, eventually leading to fracture. The crack is arrested by plastic deformation when it enters the substrate and the environment again will have direct access to the metal, leading to fresh oxide film formation. The process is repeated leading to discontinuous crack propagation. In this model, it is assumed that the creep rate at the crack tip would be greatly influenced by the magnitude of the local stress. Also, the activation energies for region I and II (in a crack velocity (V) vs. stress intensity (K) curve) of crack growth would generally correspond to those for transient creep and a mass-transport-limited anodic dissolution process, respectively (13). where C3, C4 are constants, Q is the activation energy and Ki is the crack tip stress intensity. The high activation energy observed i^ our system thus implies that the SCC in high temperature water is influenced primarily by mechanical processes involving transient creep in the stage I region.
The cracking in simulated primary water at -300 mV (Fig. 6) suggests the possibility of a hydrogen assisted mechanism. This is further reinforced by the fact that cold working and the presence of hydrogen accelerate the rate of crack propagation.
In susmary, Alloy 600 suffers rapid SCC in caustic in the anodic potential range of 150 to 200 mV, with marked reduction of the propagation rate at higher and lower potentials. This SCC seems to be governed by a film-rupture mechanism. At lower potentials, IGA and some SCC are observed and the two are often overlapped. A dealloying mechanism may be involved in these processes. Increasing anodic potential tends to accelerate IGA, perhaps related to the way that anodic potential causes increased dissolution in the activation controlled region of the polarization curve in caustic. IGA may be a precursor to SCC in that both involve some kind of grain boundary corrosion, with SCC having an additional mechanical factor related to the strain rate due to creep processes. SCC in primary and pure water occurs at anodic potentials (150 mV) controlled by a film-rupture mechanism. No SCC is observed at 300 mV and beyond because of the occurrence of stable passivity. Cracking at cathodic potentials is governed perhaps by a hydrogen assisted mechanism. In certain potential regimes (say, the corrosion potential), the two mechanisms may overlap. 
